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continue to build very similar nests 
just as ‘closed-ended’ song learners 
that learn songs only in their first year 
of life do not subsequently change 
their songs. Where this is the case, 
one should expect nests of the same 
species to be very similar with as much 
variation within a bird as among birds. 
Although young weaver birds take 
longer and build less effective nests 
than do experienced birds, it is not clear 
whether experience continues to be 
accumulated once the birds are mature. 
It is not out of the question that 
birds learn about nest materials and 
construction while in the nest, just 
as they imprint on their siblings and 
parents so as to stick to mother while 
young and vulnerable, and to mate with 
the appropriate mate when sexually 
mature. This process has sufficient 
plasticity that young birds may 
imprint on any moving object, as was 
memorably demonstrated by Konrad 
Lorenz, whose hand-raised goslings 
both followed, and later attempted to 
mate with, his Wellington boots. Cross-
fostering experiments would help to 
determine whether or not birds acquire 
information during early development 
in a way that is akin to imprinting. 
Alternatively, one would expect to see 
significant similarity between the nests 
built by parents and offspring.
The most cognitively sophisticated 
scenario is one in which learning 
would underpin all, or nearly all, 
of the nest building process, from 
choice of suitable sites for placement 
and suitable materials to how to 
put those materials together. One 
would expect to see not only practice 
nests in young birds but continuing 
evidence for experience modifying nest 
manufacture and quality throughout 
adult life. Additionally, one might 
expect to see a bird, presented with 
a nest that has been experimentally 
damaged in an unusual way, repair it 
in the most direct and economic way, 
as if it had a concept of the completed 
structure. Such an experiment was 
conducted in the 1950s on a wild 
population of baya weavers (Ploceus 
phippipinus), but the results were very 
variable and difficult to interpret. 
Implications for models of complex 
cognition. The value of understanding 
complex cognition in birds has been 
long and amply demonstrated by the 
vast and increasingly sophisticated 
work on song learning. The 
mechanisms for understanding song 
may also be helpful in addressing the 
role of cognition in nest building. If 
nest building requires at least some 
kind of ‘complex’ cognition this may 
mean a fundamental reappraisal 
of the significance of tool use and 
manufacture is required. While 
investigations of tool use in birds have 
recently been employed as model 
systems in the study of complex 
cognition, the value of tools in such 
studies is somewhat limited by their 
rarity. The accessibility of the behaviour 
of nest building, its wide variation and 
its sheer ubiquity make this behaviour 
enormously promising as a successor 
to song learning as an instrument/tool 
for understanding not only complex 
cognition in birds but also for other 
vertebrates, even ourselves. 
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Figure 2. A series of nests, or part nests, built 
by a single mistle thrush Turdus viscivorus. 
Von Frisch saw this kind of behaviour as a bird 
being muddled by topographic similarity and, 
although it might see the multiple nests, its 
mind is unable to make a suitable response. 
Is this evidence for the apparent complexity 
of nest building being entirely represented by 
the genome? (Photo courtesy of R. Downer.)ADF/Cofilin
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Also known as... actophorin 
(amoeba), Dcof (Dictyostelium 
discoidium), depactin (Asterias 
amurensis, i.e., starfish), destrin 
(ADF in mammals), cofilin-1 (isoform 
found in non-muscle tissue and 
called nm-cofilin), cofilin-2 (isoform 
first identified in muscle and called 
m-cofilin), Twinstar (Drosophila 
melanogaster), UNC60A and UNC60B 
(Caenorhabditis elegans).
What are ADF and cofilin and 
how do they differ structurally? 
The first member of this family, 
actin- depolymerizing factor (ADF), 
was isolated in 1980 from embryonic 
chick brain and named for its ability 
to depolymerize low concentrations 
of filamentous actin (F-actin) to 
monomeric actin (G- actin). Cofilin- 1 
was isolated 4 years later from porcine 
brain and named for its ability to 
bind and co- sediment with F-actin 
(co- filamentous with actin). Further 
characterization showed that both 
ADF and cofilin-1 could enhance 
subunit turnover in F-actin. They bind 
and sever F-actin and, under some 
conditions, they increase the G-actin 
pool. ADF and cofilin from the same 
species have about 70% amino-acid 
sequence identity, but human ADF 
has only 59% identity with Xenopus 
ADF/cofilin and only 27% identity with 
Drosophila Twinstar.
Where are they found? Every 
eukaryotic cell expressing actin also 
expresses one or more members of 
this family. Unicellular eukaryotes 
express only a single member, 
whereas metazoans express multiple 
forms. Vertebrates express ADF, 
cofilin-1 and cofilin-2. Some higher 
plants, such as Arabidopsis thaliana, 
express 10 isoforms named ADF-1 
to ADF-10. It is not clear which plant 
ADFs, if any, have behaviors similar to 
either animal ADF or cofilin. 
What do they do? ADF/cofilin family 
members enhance the cycling of 
subunits through the filament by 
binding to a slightly twisted form of 
F- actin, thus stabilizing the twisted 
state, enhancing severing and 
providing more filament ends (Figure 1). 
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Figure 1. Schematic diagram of how ADF/cofilin proteins enhance dynamics of F-actin in 
animal cells. 
Ends of the ADF/cofilin-severed filaments serve to enhance either depolymerization or filament 
elongation, depending on the available pool of assembly-competent ATP–actin and other 
 factors that might affect capping of filament ends.If G- actin pools are high, filament 
severing by ADF/cofilin provides new 
ends for rapid polymerization. In other 
situations, severing may lead to a 
decline in F-actin through disassembly 
and monomer sequestration. In vitro 
at steady state, actin assembled in 
the absence of ADF/cofilin has an 
equilibrium monomer concentration 
of 0.25 µM; assembled in excess 
cofilin the equilibrium concentration 
of the actin–cofilin complex is 1 µM; in 
excess ADF, the actin–ADF equilibrium 
concentration is >6 µM. Thus, ADF is a 
more effective monomer-sequestering 
protein than cofilin. Actin assembles 
from ATP–actin subunits typically 
adding onto the faster-growing 
(‘barbed’) end of filaments. Following 
assembly, the ATP is rapidly hydrolyzed 
to ADP·Pi with slower release of Pi. 
Cofilin and, to a lesser degree, ADF 
have a higher affinity for ADP–actin 
(monomers and subunits in F-actin) 
than for ATP–actin or ADP·Pi–actin,  
and thus they favor depolymerization of 
the older, ‘pointed’ end of the filament. 
How are they regulated? ADF and 
cofilin from metazoans are subject 
to complex regulation. One principal 
mechanism is their inhibition by 
phosphorylation on a serine residue near the amino terminus. The 
phosphorylated form does not bind 
to either G- or F-actin and hence 
is referred to as inactive (but see 
below). The dephosphorylated form 
does bind to G- and F-actin and is 
referred to as the active form. However, 
the dephosphorylated form can be 
inactivated by binding to membrane 
phosphatidylinositol-bisphosphate 
(PIP2) and thus can be maintained at 
the plasma membrane of some cells 
in an inactive yet dephosphorylated 
state, ready to be activated by signals 
that decrease PIP2. There are several 
kinases that phosphorylate  
ADF/cofilin proteins in animal cells: the 
LIM kinases (targets of Rho GTPase 
signaling), TES kinases (targets of 
cell- adhesion regulation), and myotonic 
dystrophy kinase- related Cdc42-
binding protein kinase (MRCK). The 
dephosphorylation of ADF and cofilin 
is regulated by several phosphatases, 
particularly the slingshot phosphatase 
family and chronophin. Phosphatase 
specificity may be regulated in part by 
the association of phosphorylated  
ADF/cofilin with a member of the  
14-3-3 family of scaffolding proteins. 
ADF and cofilin compete for F-actin 
binding with many of the isoforms of  
tropomyosin. This competition generates a balance between stability 
and turnover that characterizes 
different cellular F-actin pools. The 
severing activity of ADF/cofilin is 
potentiated by the binding  
of actin- interacting protein 1 (Aip1). 
Do all cells regulate ADF/cofilin in 
the same way? No, even the same 
function, e.g., polarized migration, is 
regulated differently depending on the 
cell type. Some migrating cells, such 
as heart fibroblasts, are polarized in 
the absence of extracellular cues. 
These cells keep active ADF/cofilin in 
the rear of the lamellipodium, bound 
to rapidly cycling, tropomyosin-free 
actin filaments, and maintain a pool of 
phosphorylated (inactive) ADF/cofilin 
at the leading edge. In contrast, an 
unpolarized highly metastatic breast 
tumor cell type requires extracellular 
factors to establish and maintain 
polarized migration. These latter cells 
become polarized by the release 
of unphosphorylated (active) ADF/
cofilin from membrane PIP2. Growth 
factors, such as EGF, locally activate 
phospholipase C, cleaving membrane 
PIP2 and freeing ADF/cofilin to sever 
filaments, and initiate assembly of an 
invadipodium, the structure needed 
for tumor cells to escape into the 
vasculature. Coordinate regulation 
of ADF/cofilin by phosphocycling 
after this initial membrane release is 
required for polarized migration.
Do they have identical functions in 
cells that express them both? For 
many actin-dependent processes, 
such as cytokinesis, silencing of both 
cofilin and ADF blocks this process, 
but expression of either isoform can 
rescue it. Thus, there is a significant 
degree of functional redundancy 
between these proteins. However, 
silencing cofilin in a highly invasive 
colorectal cancer cell line did not 
interfere with its ability to migrate in 
response to a chemotactic attractant, 
whereas silencing of ADF, which 
represented only 17% of the total 
ADF/cofilin, significantly inhibited 
migration. These differences in cellular 
function may reflect ADF’s higher 
G- actin sequestering capability.
Any unexpected functions? The 
phosphorylated ‘inactive’ form of 
cofilin has been reported to be an 
essential activator of phospholipase 
D1, suggesting that cofilin participates 
in membrane lipid metabolism as well 
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Indeed, plants exhibit exquisite 
sensitivity to their surroundings, 
possessing a wide array of sensory 
systems needed to monitor 
the environment and respond 
appropriately. It is not surprising 
therefore to see tropic responses  
to a host of environmental signals. Thus, 
plants have been shown to be able to 
elicit directional growth responses to 
stimuli as varied as gradients in water 
and mineral nutrient availability, gravity, 
light, touch, temperature and even 
electrical fields and gradients in oxygen 
availability (Figure 1). All are thought to 
contribute to the adaptive success of 
the plant by directing growth towards 
resources or away from potentially 
harmful environments.
Plant tropisms and auxin
The directional aspect of tropic 
growth in plants arises from 
asymmetrical elongation of cells on 
either side of the responding organ 
(Figure 2). Because plant cells are 
inseparable due to their cell walls, 
they cannot move relative to one 
Plant tropisms
Simon Gilroy
When animals are challenged with 
an environmental stimulus, be it the 
setting of the sun or the need to find 
food, behavioral and movement-based 
responses are the norm. In contrast, 
plants are sessile — literally rooted 
to the spot — and so must react 
to these same challenges through 
physiological and developmental 
pathways. These differences in 
lifestyle can be distilled to the view 
that while animals move through their 
environment, plants grow through 
theirs. This is a fundamental feature 
of how plants adapt to the challenges 
of their surroundings and results in 
plant growth being highly plastic, i.e. 
being determined to a large degree by 
environmental stimuli rather than the 
strict adherence to a genetic blueprint 
that governs, for example, the extent 
of human development. One element 
in the suite of growth responses 
that plants employ to perform this 
plastic, environmentally entrained 
developmental program is directional 
growth in response to a directional 
stimulus — a tropism.
In addition to responding to 
environmental insults such as 
herbivory and pathogen attack, plants 
need to explore their environment 
for the staple nutritional resources 
that support life. Therefore, plants 
principally hunt their surroundings 
for an adequate supply of water, 
mineral nutrients, light and, in some 
cases, even physical support. 
Unfortunately, this is no easy task as 
these resources are highly variable in 
distribution in both space and time. 
For example, mineral nutrients tend 
to form patches in the soil, water 
levels and distribution can change 
dramatically from day to day, and even 
the available light for photosynthesis 
will change its direction every minute 
as the sun tracks across the sky. 
Being able to monitor the direction of 
these changes and then grow towards 
the appropriate resource provides 
the plant with an enhanced ability 
to exploit its surroundings. Such 
tropisms are ubiquitous in plants  
and are key to their adaptability to the 
changing world around them. 
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Figure 1. Plant tropisms.
Plants respond to many directional cues from 
the environment with directional growth re-
sponses called tropisms. The growth response 
can be towards (positive) or away from (nega-
tive) the stimulus as seen in the positive grav-
itropism of the root and negative gravitropism 
of the stem. Each organ can simultaneously 
exhibit several tropic responses, for example, 
a root encountering a barrier to growth, such 
as a rock. This root exhibits a thigmotropic re-
sponse to the touch stimulation to circumvent 
the obstacle, and then a gravitropic response to 
restore the downward trajectory of the root tip.as actin assembly regulation. Also, in 
neuroblastoma cells, cofilin association 
with the mitochondrial outer membrane 
is needed for stress- induced release 
of cytochrome c and consequent 
apoptosis. In addition, studies of 
cofilin activity modulation revealed that 
actin dynamics play important roles 
at the Golgi in sorting of membrane 
cargo targeted to neuronal axons or 
apical membrane of epithelial cells. 
Vertebrate ADF and cofilin have a 
nuclear localization sequence which 
allows them to chaperone actin into 
the nucleus.
Do these proteins contribute 
to diseases or developmental 
abnormalities? In stressed cells, 
when ATP declines and  
ADF/cofilin is hyperactivated  
through dephosphorylation,  
ADF/cofilin- saturated actin filament 
bundles may form. In neurons these 
bundles form within axons and 
dendrites, block neurite transport and 
contribute to synaptic dysfunction; 
similar structures have been 
identified in the brains of humans 
with Alzheimer’s disease. Mutations 
in cofilin-2 have been linked to a form 
of nemaline myopathy in muscle. 
Cofilin- null mice are embryonic lethal 
due at least in part to migration 
defects, but tissue-specific silencing 
of cofilin in the brain reveals its 
requirement for the formation of the 
cortical layers. ADF null mice are 
viable but go blind about 4 weeks 
after birth due to corneal thickening. 
Where can I find out more? 
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